When unassisted walking is difficult, a wheelchair with a stand-up function enables a standing position as well as a sitting position for work and improved convenience. However, in the standing position, the center of gravity is high, and to prevent falling it is common to shorten the long wheelbase of the wheelchair, or to lower its center of gravity. It is also desirable to reduce the size and weight of the wheelchair for space and portability reasons. Therefore, we aim to reduce the size and weight of electric wheelchairs that can move with a stable high attitude by providing a fall-prevention control function. This study reports on the appearance and the dimensions of a prototype stand-up powered wheelchair and the results of a fall risk analysis when at rest and decelerating.
I. INTRODUCTION
It is suggested that wheelchair users often experience painful and secondary complications due to long-term sitting.
Standing is an effective way to counterbalance the physical or mental negative effects of constant sitting. Standing has beneficial effects on body functions and structures such as maintaining bone mineral density, improving circulation, improving range of motion, etc. In addition, a standing position can give wheelchair users a sense of confidence and equality through face-to-face communication with a non-disabled person, and can improve functional reach to enable participation in other activities of daily living [1] - [3] .
Currently, stand-up wheelchairs have been researched and developed. LEVO, F5corpusVS, etc., are representative commercially available equipment [4] - [7] , and they typically have changing body position functions such as reclining, tilting, and seat-lifting. Users can move and work in any posture from standing to sitting. However, because the center of gravity (CoG) in the standing posture is high, these wheelchairs have been traditionally made with a low CoG and long wheelbase to prevent falling down. Further, the following issues of stand-up wheelchairs have been pointed out by Suzuki et al. [8] :
 When changing posture, the user's body slides off the backrest or chair, and this rubbing may cause tenderness.  To maintain attitude, a load is applied on the arm or Manuscript armpit when changing posture, and on the user's lower limbs when standing.  Because the user's body is fixed by the fall prevention belt, the user feels a sense of pressure or restraint. Therefore, it is desirable to reduce the size and weight of the wheelchair from the viewpoint of space and portability, and to ease physical loading when changing position.
The purpose of this study is to develop a compact and lightweight stand-up powered wheelchair equipped with a fall-prevention control function. The wheelchair, which is a welfare tool that supports independent social participation, must have sufficient safety. In order to ensure the stability of the wheelchair, it is necessary to analyze and evaluate the fall risk factors (e.g. the user's body characteristics and posture, the inclination angle of the surface, the seat height, and the amount of acceleration/deceleration). This study provides the configuration of the prototype wheelchair and the fall risk analysis. With a posture change from sitting to standing, xc approaches the origin O and zc moves in the + z direction. Here, the height H of the triangle from the CoG to the F-R baseline (ΔPFR) is zc, and the distance between point F and point Pc is BF(=xc). Using this model, this study reports on the fall mechanism on a slope when at rest and while decelerating. Fig. 2 shows the geometric model at rest. On a horizontal surface as shown in Fig. 2(a) , the model is stable if xc is within the wheelbase L. On a descending surface of angle θ as shown in Fig. 2(b) , the CoG point Pc (xc, zc) is obtained from the following equations. 
II. FALLING MECHANISM

A. Fall Mechanism on Slope at Rest
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B. Fall Mechanism When Decelerating
An inertial force is applied to both user and wheelchair when accelerating and braking. Assuming that the total mass of the user and wheelchair is M, gravity acceleration is g, and the acceleration of wheelchair is a, the resultant force consisting of the gravity force Mg and the inertia force Ma is applied to point P. In Fig. 3 , when this vector lies outside △PFR, the wheelchair falls over. (5) and deceleration on a descending surface is
The following equation defines the deceleration limit:
III. COMPACT AND LIGHTWEIGHT STAND-UP POWERED WHEELCHAIR
The appearance of the prototype wheelchair is shown in Fig. 4 . The design concept of the wheelchair is as follows:
1) The user is an adult with a paralyzed lower limb (height 172 cm, weight 65 kg).
2) The seat can be set to any height.
3) The wheelchair can be carried by two persons, and the mass is 48.6 kg or less. The maximum dimensions of the electric wheelchair are 1200 mm length, 700 mm width, and 1090 mm heighzt, and the minimum rotation diameter is 1400 mm. The maximum speed of a medium speed electric wheelchair is 6 km/h. These specifications conform to the dimensions and maximum speed defined by Japanese Industrial Standards (JIS). 4) In order to satisfy the above items, the posture range is a range between sitting and half standing. The prototype wheelchair consists of a body frame made of aluminum, a seat-lift mechanism, a wheelchair electric drive unit including a joystick, and a safety, measurement, and control unit. To ensure accessibility, the drive system of the wheelchair is front wheel drive with two fall prevention wheels and one rear wheel. The dimensions of the prototype wheelchair are shown in Fig. 5 , and a specification is given in Table I . It is 670 mm long, 890 mm tall, 412 mm seat height in the sitting position, and 550 mm long, 1010 mm tall, and 532 mm seat height in a half-standing posture. Regardless of seat height, the width is 660 mm, the wheelbase is 373 mm, the minimum rotation diameter is 910 mm, and the caster trail is 45 mm. The battery is installed behind and below the seat. The mass of the wheelchair electric unit is 14.7 kg, and the total mass including the battery is 32.7 kg. A usage example of the prototype wheelchair is shown in Fig. 6 . The user can approach a piece of office equipment and easily operate the control panel owing to the compact design of the wheelchair. Table II shows the comparison between the prototype and commercially available wheelchairs. The length of the prototype wheelchair is approximately half that of the commercial wheelchairs, and the mass is about one-fifth as much. Thus, the prototype wheelchair is smaller and lighter than commercial wheelchairs. 
A. Seat-lift Mechanism
A seat-lift mechanism consists of a five-joint linking mechanism, a linear actuator (LA28: LINAK), a control box (CB8-A: LINAK) and a handset (HB40: LINAK). Fig. 7 shows the movement of the link mechanism. In order to avoid a frontward slipping of the buttocks during posture conversion and to reduce the burden on the body by sharing the load between the lower legs and the seat, the seat is a folding type that can be broken approximately in half. During lift, the front seat part bends downward, and the rear seat part maintains an almost horizontal level. The user's posture is a half-standing position at the maximum seat height. The rod of the linear actuator expands and contracts when buttons on the handset are pressed, thus raising and lowering the seat. The lifting time to a seat height from 412 to 532 mm is approximately 12 seconds. 
B. Wheelchair Electric Unit
A Joy Unit X PLUS (Yamaha Motors) is used as a wheelchair electric unit. The unit has functions of setting speed, acceleration, deceleration, etc. according to the user's purpose. The specification of the wheelchair electric unit is shown in Table III . The "Academic pack," a kit for research and development of Yamaha electric wheelchairs, is used as an operation device. By sending a request command from the external control device to the Academic pack, it is possible to rotate wheels, or acquire internal information such as wheel rotation speed and joystick operation amount. Figure 8 shows a functional block diagram of the safety, measurement, and control unit. This unit consists of an integrated controller, a seat-height detection sensor, and a motion sensor. The linear actuator is controlled by the operation buttons on the handset. Handset operation signals are input to the integrated controller, and when there is a risk of falling, the signals are limited.
C. Safety, Measurement, and Control Unit
The linear actuator of the seat-lift mechanism does not have a built-in sensor. Accordingly, the seat height is calculated from the frame dimensions, using the angle between the body frame and the seat-lift mechanism frame. An angle sensor uses a potentiometer (CP-2FABSJ: Midori Precisions) with a built-in return spring for self-restoration of the shaft rotation. The output voltage of the potentiometer Vout is converted into digital data using a 10-bit A/D converter 
A nine-axis sensor (MPU-9150: InvenSense) mounted with a three-axis accelerometer, a three-axis gyro sensor, and a compass, is used for measuring traveling acceleration and vehicle inclination angle. An integrated controller (Raspberry Pi2 Model B) is used for communication with the Academic pack and for signal processing of various sensors. When the user's request is a "satisfied no-fall" condition, that is, the result of the command will not produce a fall, the integrated controller outputs the request. Alternatively, when the user's request is a "satisfied fall" condition, the integrated controller outputs a command that satisfies the stability condition.
Rotation type potentiometer
IV. FALL RISK ANALYSIS
The CoG of the prototype wheelchair was estimated from a 3D model created using the 3D CAD design software SOLIDWORKS. In the sitting position, xw was located 95 mm forward of the center of the wheelbase, and zw was 274 mm from the floor. In the standing position, xw moved forward approximately 16 mm, and zw moved approximately 15 mm upward from the sitting position.
Usually, the CoG of an adult in the standing position is about 56% of the height from the floor, and its position always changes depending on posture and movement. In this study, the CoG of the user was calculated using a mathematical model estimation method [9] . We present the results of a fall risk analysis for three healthy men (A: Height 169 cm, Weight 80 kg, B: Height 178 cm, Weight 60 kg，C: Height 164 cm, Weight 67 kg).
The experiment obtained informed consent from all participants, and proceeded with consideration for safety.
A. At Rest
While the prototype wheelchair was stopped, with a user sitting on a descending surface at 0° or 10°, the center of gravity xc to the seat height was measured. Fig. 9 shows the CoG xc to the seat height h for each inclination angle θ.
On a horizontal surface (θ = 0°), the calculated and measured CoG xc was located within the base of support at all seat heights. On a descending surface (θ = 10°), the calculated CoG xc was outside the base of support at seat heights of 484 to 532 mm. However, the measured CoG xc was within the base of support at all seat heights. Despite this result, because the measured value of seat height at 532 mm is near the boundary of the stable region, the wheelchair may fall.
It is thought that the difference between the calculated and the measured values is due to the posture of the body or the contact position of the buttocks. 
B. Decelerating
We observed the contact state between the wheel and the surface when decelerating the wheelchair. Figure 10 shows the relationship of the deceleration limit to the seat height and the result of the state of the wheelchair at braking for the three users. The state where all wheels were grounded is shown as a green round symbol; the state where the rear wheel floated is shown as a yellow round symbol; and the state where the rear wheel does not restore is shown as a red round symbol; the stoppage state was determined by observation. In addition, the symbols in Fig. 10 indicate the most unstable state among the three users.
At a deceleration of 0.8 m/s 2 , all of the wheels of the prototype wheelchair were in contact with the ground at all seat heights, and the wheelchair was able to stop safely. Near the deceleration limit, the prototype wheelchair did not fall, but, at seat heights other than 532 mm, the rear wheel floated during deceleration and restored to the surface after stopping.
When braking, it is necessary not only to stop a wheelchair stably but also to stop at a short distance while securing the user's comfort. According to JIS and the deceleration of a car that stops smoothly, the braking deceleration range is 1.96-0.93 m/s 2 . We found that the decelerating range based on the experimental results was 2. 
V. CONCLUSION
This study presents an overview of a prototype stand-up electric wheelchair and the results of a fall risk analysis at rest and deceleration. It was found that the fall restraint condition of the wheelchair limited the movable range of the seat height to 412-484 mm on a descending surface of 10° at rest, and the deceleration at braking to 2.2-0.93 m/s 2 at seat heights less than 532 mm. In the future, other fall causes such as turning and handling steps will be analyzed and evaluated. Further, an algorithm for fall prevention will be constructed based on the result of the fall risk analysis, and added to the prototype wheelchair. 
